Changes in mesophyll anatomy, gas exchange, and the amounts of nitrogen and cell wall constituents including cellulose, hemicellulose and lignin during leaf development were studied in an evergreen broad-leaved tree, Quercus glauca , and in an annual herb, Phaseolus vulgaris . The number of chloroplasts per whole leaf in P. vulgaris increased and attained the maximal level around 10 d before full leaf area expansion (FLE), whereas it continued to increase even after FLE in Q. glauca . The increase in the number of palisade tissue cells per whole leaf continued until a few days before FLE in Q. glauca , but it had almost ceased by 10 d before FLE in P. vulgaris . The radius and height of palisade tissue cells in Q. glauca , attained their maximal levels at around FLE whereas the thickness of the mesophyll cell wall and concentrations of the cell wall constituents increased markedly after FLE. These results clearly indicated that, in Q. glauca , chloroplast development proceeded in parallel with the cell wall thickening well after completion of the mesophyll cell division and cell enlargement. The sink-source transition, defined to be the time when the increase in daily carbon exchange rate exceeds the daily increase in leaf carbon content, occurred before FLE in P. vulgaris but after FLE in Q. glauca . During leaf area expansion, the maximum daily increase in nitrogen content on a whole leaf basis (the maximum leaf areas were corrected to be identical for these species) in Q. glauca was similar to that in P. vulgaris . In Q. glauca , however, more than 70% of nitrogen in the mature leaf was invested during its sink phase, whereas in P. vulgaris it was 50%. These results suggest that Q. glauca invests nitrogen for cell division for a considerable period and for chloroplast development during the later stages. We conclude that the competition for nitrogen between cell division and chloroplast development in the area of expanding leaves can explain different greening patterns among plant species.
INTRODUCTION
During leaf development in most herbs, the light-saturated net photosynthetic rate on a leaf area basis peaks at or slightly before full leaf area expansion (FLE; esták 1985) . This does not hold in some species including Theobroma cacao (Baker & Hardwick 1973) and Mangifera indica (Lee, Brammeier & Smith 1987) . In T. cacao , the net photosynthetic rate on a leaf area basis at FLE is still low. It continues to increase thereafter for another 10 d or more. Kursar & Coley (1991 , 1992a called these species 'delayed greening species'. On the other hand, they called the species in which the net photosynthetic rate peaks at or before FLE 'normal greening species'. Kursar & Coley (1992b) measured heat of combustion (energy content) of the leaves at their various developmental stages in normal and delayed greening species from a Panamanian tropical rainforest. In the delayed greening species, the energy contents of the young leaves on the dry mass basis were lower than those of the mature leaves whereas those of the young leaves were higher in the normal greening species. They claimed that low concentrations of high calorific substances such as lipids and photosynthetic enzymes would be responsible for such low-energy contents of the young leaves of the delayed greening species.
For a given loss of dry mass by herbivory, loss of resources (high calorific substances and nutrients such as nitrogen) from the young leaves should be larger in normal greening species than in delayed greening species (Kursar & Coley 1992b ). According to Kursar & Coley (1992b) , normal greening is mainly found in the species that favour sunny sites (gap species) because they need to overcome a large loss of resources with the high photosynthetic rate. In contrast, delayed greening species are shade-tolerant species. They lose a lesser amount of resources by herbivory, but should forfeit high photosynthetic rate. As the pressure by herbivory in tropical rainforests would be much heavier than that in any other forests, they claimed that such pressure could be a selective force for evolving delayed greening species in tropical rainforests (Kursar & Coley 1991 , 1992a .
On the other hand, in warm temperate forests, delayed greening is commonly observed in evergreen broad-leaved tree species including Castanopsis sieboldii , Quercus glauca, Quercus myrsinaefolia, Cinnamomum japonicum, Machilus thunbergii and Neolitsea sericea (Miyazawa, Satomi & Terashima 1998) . A survey of the existing data for various species indicated a strong tendency that the period required for maturation of leaf photosynthetic capacity becomes longer with the increase in leaf dry mass per area (LMA) obtained at leaf maturation (Miyazawa et al . 1998 ). In the species whose leaves have large LMA, the photosynthetic capacity continues to increase for a considerable period after FLE. In the study of Kursar & Coley (1991 , 1992b , delayed greening was mainly found in shadetolerant tree species, and the shade-tolerant tree species generally had the leaves with large LMA (Coley 1983; Choong et al . 1992) . Thus, the data on the species studied by Kursar & Coley (1992a) did not deviate considerably from the above-mentioned trend. The data from the sun and shade leaves of Castanopsis sieboldii did not violate the trend, either (Miyazawa et al . 1998 ). This robust trend suggests that the greening delays inherently in the leaves with large LMA including the leaves of evergreen broad-leaved trees (Miyazawa et al . 1998 ) and those of the shade-tolerant tree species studied by Kursar and Coley. Leaf anatomy development has been studied intensively in dicot herbs. For instance, cell division and cell enlargement in the mesophyll and epidermal tissues are almost completed by FLE in Xanthium pennsylvanicum (Maksymowych 1973) and Ricinus communis (Heckenberger, Roggatz & Schurr 1998; Roggatz et al . 1999) . The processes of cell division and cell enlargement are modified by the growth conditions such as irrigation and nitrogen supply level (Heckenberger et al . 1998; Roggatz et al . 1999) . However, the rule that the division and enlargement of the mesophyll cells are almost completed by FLE holds regardless of the growth conditions and/or species ( esták 1985; Heckenberger et al . 1998; Roggatz et al . 1999) .
Leaf growth depends on two carbon sources; photosynthates imported from other organs (cotyledons, mature leaves, stems and roots) and local photosynthates produced by the developing leaves themselves (Turgeon 1989) . In early phases of leaf growth, the leaf is a net carbon importer (sink), and its growth depends mainly on a supply of imported substances. Afterwards, the leaf becomes a net carbon exporter (source) and its growth now depends mainly on its photosynthates. In most dicot herbs, the leaf changes from sink to source when the leaf area reaches 10-60% of the final area (Ho et al . 1984; Dale 1988; Turgeon 1989) .
However, such features, development of leaf structure and function and changes in sink/source status, have not been studied intensively for delayed greening species. To Š clarify the ecological meaning of delayed greening, we need to know these features.
In this study, we analysed various features during leaf development in Quercus glauca , an evergreen broad-leaved tree species that shows marked delayed leaf greening. As a typical normal greening species, we selected Phaseolus vulgaris . Primary leaves of P. vulgaris have been used as the materials for studying leaf development by many researchers ( esták 1985; Dale 1988) . In the course of their leaf ontogeny, we followed the changes in light response curves of photosynthesis and measured leaf carbon contents for estimating sink-source transition. We also quantified leaf constituents such as nitrogenous compounds, cellulose, hemicellulose and lignin. These are major leaf constituents because their sum accounts for about 50% dry weight of mature leaves (Chapin 1989) . Based on the date of sinksource transition and changes in carbon contents of these leaf constituents, we estimated proportions of these constituents that were derived from imported substances. We also followed leaf anatomical characteristics such as density of palisade tissue cells, height and radius of a palisade tissue cell, the number of chloroplasts on a leaf area basis, ratio of chloroplast surface area to the mesophyll surface area exposed to the intercellular air spaces, and mesophyll cell wall thickness during leaf development, and related these characteristics to the sink-source transition. From these results, we discuss the meaning of delayed greening.
MATERIALS AND METHODS

Plant growth conditions
Plants were grown in a naturally lit plastic greenhouse on the Osaka University campus (135 ∞ 30 ¢ N, 34 ∞ 46 ¢ E). Phaseolus vulgaris L. cv. Yamashiro-kurosando (Fabaceae) plants were grown from seeds. Seeds having fresh weight of 0.35-0.45 g were selected. Quercus glauca Thunb. ex Murray (Fagaceae) were 3-to 5-year-old-saplings.
For leaf anatomical examinations, we grew 20 P. vulgaris plants and four Q. glauca , respectively. For P. vulgaris , we used the primary leaves grown between early July and midSeptember 1998. These P. vulgaris plants were grown in vermiculite in 1.3 L plastic pots. For Q. glauca , we used the second flush-leaves grown from mid-August to midOctober in 2000. These Q. glauca plants were grown in soil in 2 L pots. For the gas exchange measurements and the determinations of nitrogen and cell wall constituents, we additionally grew 68 P. vulgaris plants and 13 Q. glauca , respectively. We used the primary leaves of P. vulgaris grown from early July to mid-September in 1999-2000 in vermiculite in 1.3 L plastic pots. For Q. glauca , new leaves flushed in spring (from mid-April to mid-June in 1999) were used. We grew these Q. glauca plants in soils in 5 L pots.
Plants were watered daily. For both species, we started to fertilize at the beginning of leaf area expansion. 
Measurement of leaf area and estimation of leaf age
We measured lamina length and lamina width of primary leaves of P. vulgaris everyday or every other day during leaf ontogeny. In Q. glauca , all new leaves in the bud emerge simultaneously. For each plant of Q. glauca , we selected 2-25 current-year shoots avoiding the shoots in the lower positions of the crown. We selected all leaves that were on the second to 10th nodes from the shoot tip, and measured their lamina length and lamina width every second or third day in Q. glauca . The growth of mean leaf area ( = lamina length ¥ lamina width) was expressed by the following logistic equation:
where x indicates leaf age, and a , b and k are constants. When applying the logistic equation, we used the data before and at full leaf area expansion. The age of expanding leaves used for CO 2 gas exchange measurement, chemical analysis, or anatomical examinations was estimated from their lamina length and lamina width using the above logistic equation. In the course of leaf ontogeny, the actual leaf area was also measured with a scanner and software, Scion image (Scion Corporation, Frederick, MD, USA). In this paper, leaf age 'zero' stands for the time when the leaf area was fully expanded (full leaf area expansion; FLE). We assigned negative ages to the leaves whose areas were expanding and positive ages to the leaves after full leaf area expansion.
Leaf anatomy
We cut leaf pieces from the leaves during leaf ontogeny. These were fixed with 2.5% (v/v) glutaraldehyde and postfixed with 2% (w/v) osmium tetroxide. These samples were dehydrated in acetone and propylene oxide series, and embedded in Spurr's resin (Spurr 1969) . To obtain the number of chloroplasts on a leaf area basis (chloroplast density), cell height and the ratio of chloroplast surface area, we cut transverse sections at 0.8 m m thick for light microscopy and 60 nm thick for electron microscopy with an ultramicrotome (Reichert Ultracut S; Leica, Vienna, Austria). We took light micrographs at magnification of 100 ¥ or 200 ¥ and electron micrographs at 800 ¥ or 1000 ¥ . The cell height in the uppermost cell layer of the palisade tissues was measured. The P. vulgaris leaves had one cell layer in the palisade tissues.
Only the cells that attached to both upper epidermis and second layer mesophyll cells on the micrographs were examined. The average cell height was obtained from three to 12 cells. We estimated chloroplast density and the ratio of chloroplast surface area to the mesophyll surface area according to . The ratio is defined to be 1.0 when chloroplasts occupy the entire mesophyll surface area exposed to the intercellular air spaces . To obtain the number of palisade tissue cells on a leaf area basis (cell density), cell radius and cell wall thickness, we cut paradermal sections at 0.8 m m thick for light microscopy and 60 nm thick for electron microscopy. We took light micrographs at 100¥ or 200¥ and electron micrographs at 7500-60000¥. For the cell density, we counted 50-600 cells in the first cell layer in the palisade tissue with the light micrographs. The average cell radius was obtained from at least 20 cells. We measured cell wall thickness of the palisade mesophyll cells with the electron micrographs. The average cell wall thickness was obtained from at least three cells.
Photosynthesis and respiration
We used a portable gas exchange system (LI-6400; LI-Cor, Lincoln, NE, USA) to measure the rates of photosynthesis and dark respiration. In the morning, we brought the plants into the laboratory. First, we measured the dark respiration rate at leaf temperature of 24-26 ∞C. To obtain lightphotosynthesis curves, we measured the net photosynthetic rate as the change of irradiance from low (10-20 mmol m
) to saturating levels (1000-1700 mmol m -2 s -1 for P. vulgaris; 600-1000 mmol m -2 s -1 for Q. glauca). The net photosynthetic rates at six to 10 different irradiances were used for obtaining a light-photosynthesis curve. Throughout the measurement of photosynthesis the CO 2 concentration entering the chamber and leaf temperature were 360 mmol mol -1 and 24-27 ∞C, respectively. The vapour pressure deficit was less than 1.3 kPa.
Nitrogen, cell wall constituents and mineral
To measure leaf dry weight and concentrations of nitrogen and cell wall constituents (cellulose + hemicellulose and lignin), we collected leaf laminas at various leaf stages during leaf ontogeny. For a pair of the primary leaves of P. vulgaris plants, one was used for determinations of nitrogen and cell wall constituents, and the other for leaf dry weight and carbon content. The leaves were stored at -80 ∞C until the measurement. Nitrogen content was determined with Nessler's reagent after Kjeldahl digestion. Cell wall constitutions were extracted and fractionated by the method of Sakurai, Tanaka & Kuraishi (1987) with slight modifications The carbohydrate contents in cellulose and hemicellulose fractions were determined spectrophotometrically by the phenol-sulphuric acid method (UV-200; Shimadzu, Kyoto, Japan), according to Dubois et al. (1956) . The carbohydrate content was expressed as glucose content. The lignin content was determined using acetyl bromide (Morrison 1972 ) with a spectrophotometer (U-3310; Hitachi, Tokyo, Japan). A commercially available lignin was used as a standard (lignin alkaline; Katayama Chemical, Osaka, Japan). After the measurements of leaf dry weight, we pooled the samples for each leaf age class for determination of mineral content. We measured ash content on a dry mass basis after combusting a portion of the samples in a muffle furnace at 550 ∞C for 5 h. Mineral content was estimated as 0.67 times the ash content (Vertregt & Penning de Vries 1987).
Estimation of sink-source transition
To estimate the leaf age when sink-source transition occurs, we calculated daily carbon (C) exchange rate and daily increase in C content during leaf ontogeny. The leaf is in sink phase when the daily C exchange rate is lower than daily increase in C content (Turgeon & Webb 1975) . We estimated daily C exchange rate by subtracting night-time C loss by respiration from daytime C gain by photosynthesis.
For estimating the daytime C gain by photosynthesis, we expressed the light-photosynthesis curves by non-rectangular hyperbolic curves (Thornley 1976) . Shortwave irradiance (in W m -2 ) was measured every hour at the Osaka observatory of the meteorological office (135∞31¢ N, 34∞42¢ E). It was converted to the incident photosynthetic photon flux density (PFD) according to Jones (1992) . The relative PFD inside the plastic vinyl house was 48%, which was measured on an overcast day. Using the data of PFD for the week that included the day when we measured CO 2 exchange rate and the three days preceding and following the measurement of CO 2 exchange, we obtained mean PFD for every hour of the day for the week. We calculated daytime C gain by photosynthesis from both daily course of the mean PFD in the plastic vinyl house and the non-rectangular hyperbolic curve. For estimating the night-time C loss by respiration, we multiplied dark respiration rate by the period in which PFD was zero (night-time). We assumed that the dark respiration rate was constant during the night-time.
For estimating daily increase in C content, we measured leaf carbon content (total C content) with a CHN analyser (PerkinElmer, Boston, MA, USA). Time-dependent changes in total C content on a whole leaf basis were expressed by a logistic equation (Eqn 1). When applying a logistic equation, we fixed the maximum value, or the constant a of Eqn 1. The maximum value of total C content on a whole leaf basis was calculated as a mean of the data from +3 to +7 d in P. vulgaris or from +18 to +45 d in Q. glauca. The daily increase in C content was obtained from the first derivative of the logistic equation with respect to time. The leaf age when the sink-source transition occurs corresponds to the intersection of the daily C exchange rate with the daily increase in C content (Turgeon & Webb 1975) . The increases in the daily C exchange rate from -11 to -5 d in P. vulgaris and that from -1 to +12 d in Q. glauca were almost linear. Then we fitted straight lines by the least squares-method using the data of the daily C exchange rates for these ranges.
Estimation of the amount of carbon derived from imported substances
For evaluating a relative contribution of imported substances to construction of the leaf constituents (nitrogenous compounds, cellulose + hemicellulose and lignin), we estimated C contents in these constituents. Proteins comprise 70-80% of total leaf nitrogen throughout the leaf development in Alnus crispa, Betula papyrifera, Larix laricina and Picea mariana (Chapin & Kedrowski 1983) . We assumed that all leaf nitrogen was in proteins. The protein content was assumed to be equal to the nitrogen content multiplied by 6.3. The C contents were assumed to be 53.5, 40.0 and 66.7% in nitrogenous compounds, cellulose + hemicellulose and lignin, respectively (Vertregt & Penning de Vries 1987) . When applying the logistic equation, we fixed the maximum value, or the parameter a of Eqn 1. For calculating average maximum values, we used the same ranges of leaf age as those used for total C content except for nitrogenous compounds for P. vulgaris. In P. vulgaris, the C content in nitrogenous compounds decreased after FLE. The maximum C content in nitrogenous compounds was thus calculated as the mean of the data from -1 to +1 d for P. vulgaris. The amount of total C that was derived from imported substances (C I ) was calculated as follows,
where C M is the maximum leaf total C content. C P is the amount of total C that was derived from photosynthesis of developing leaves (local photosynthates). The same equation was used to estimate the amounts of C in the leaf constituents that were derived from imported substances.
Units for the parameters
When expressing the parameters (the number of cells, the number of chloroplasts, daily C exchange rate, total C content, C contents in the leaf constituents and leaf dry mass) on a whole leaf basis, the maximum leaf areas of these species were assumed to be the same and 1 m -2 for easier comparison. For the data after FLE, these values are identical to those on a leaf area basis. However, for the leaves before FLE, the values on a whole leaf basis are smaller than the values on a leaf area basis by the ratio of the current leaf area to the maximum leaf area.
To express C contents on a dry mass basis, we estimated a whole leaf dry mass from the logistic equation. When fitting a logistic curve (Eqn 1) to the change in a whole leaf dry mass with leaf age, we fixed the maximum value, a. The maximum value was determined as the mean of the data between the leaf age of +3 and +7 d for P. vulgaris or between +18 and +45 d for Q. glauca. These logistic curves fitted well (r 2 > 0.95, n = 10 for P. vulgaris; r 2 > 0.99, n = 11 for Q. glauca).
Statistics
Fitting the logistic equations and linear regressions were performed with software, Origin 6.1 J (OriginLab Corporation, Northampton, MA, USA). When fitting the logistic equations, we calculated the mean value for each leaf age class. The curves were fitted to these mean values in the course of leaf development.
RESULTS
Leaf anatomy
In both species, the number of cells in the first cell layer in the palisade tissues on an area basis (cell density) decreased with leaf area expansion, and reached the steady-state value at around full leaf area expansion (FLE) (Fig. 1b) . In P. vulgaris, the number of chloroplasts on an area basis (chloroplast density) decreased in a manner similar to the change in cell density (Fig. 1c) . On the contrary, the chloroplast density increased with leaf age in Q. glauca. We did not find a remarkable increase in the number of palisade mesophyll cells on a whole leaf basis (cell number per leaf) during area expansion in P. vulgaris (Fig. 1d) , indicating that cell division ceased at the very early phase of leaf area expansion in P. vulgaris. In contrast, in Q. glauca, the cell number per leaf was still low at the early phase of leaf area expansion, and thereafter sharply increased (Fig. 1d) . These results indicate that division of mesophyll cells in Q. glauca leaves continued to a later stage than that in P. vulgaris leaves. On the other hand, the leaves of both species showed marked increases in the number of chloroplasts on a whole leaf basis (chloroplast number per leaf) during area expansion (Fig. 1e) . In P. vulgaris, the chloroplast number per leaf increased and attained the maximal level by around 10 d before FLE, whereas, in Q. glauca, it continued to increase with leaf age.
We next examined the ratio of chloroplast surface area. The ratio is defined to be one when chloroplasts occupy the entire mesophyll surface area exposed to the intercellular air spaces . As shown in Fig. 2 , the ratio was around 0.9 throughout the area expansion in P. vulgaris. On the other hand, the ratio was only about 0.5 at FLE in Q. glauca. Thereafter, it increased gradually to 0.9. 
glauca (᭹).
The ratio of chloroplast surface area is defined to be the ratio of chloroplast surface area to the mesophyll surface area exposed to the intercellular air spaces. The ratio is 1.0 when chloroplasts occupy the entire mesophyll surface area exposed to the intercellular air spaces. Secondorder polynomial functions were fitted to the data.
In Q. glauca, the height and radius of the palisade tissue cell increased with leaf area expansion, and attained the maximum values at or slightly after FLE (Fig. 3a & b) . The mesophyll thickness increased parallel to the increase in the cell height in both species (data not shown). The cell wall thickness in P. vulgaris remained almost constant whereas in Q. glauca, a marked increase was observed after FLE (Fig. 3c) .
Using the data for Q. glauca between 0 and 40 d, we analysed whether the change in anatomical parameters were statistically significant by assessing that the slopes of regression lines were significantly different from zero. The cell density, cell height or cell radius did not change with leaf age (P > 0.1). The increase in the chloroplast density was marginally significant (P = 0.06). The increases in the ratio of chloroplast surface area and cell wall thickness with leaf age were both significant (P < < < < 0.05). These results indicated that, in Q. glauca, chloroplast development proceeded slower than cell division and cell enlargement in the mesophyll tissues. In Q. glauca, chloroplast development occurred actively after as well as before FLE, and continued until the cell wall thickening ceased.
CO 2 gas exchange and LMA
Ontogenetic changes in leaf area, CO 2 gas exchange rate and leaf dry mass per area (LMA) are shown in Fig. 4 . In P. vulgaris, LMA was 40 g m -2 at about 10 d before FLE, and then decreased to 19 g m -2 around FLE. This considerable decrease in LMA was probably caused by the fact that the volume of intercellular air spaces increased more rapidly than the dry weight. In Q. glauca, LMA remained constant around 40 g m -2 until FLE, and thereafter increased. The maximal LMA was 97 g m -2
. The light-saturated net photosynthetic rate on a leaf area basis peaked before FLE in P. vulgaris. By contrast, in Q. glauca, it was still close to zero at FLE, and thereafter increased for about 10 d. Dark respiration rate on a leaf area basis decreased with the increase in net photosynthetic rate in both species.
Total carbon content and carbon contents in the leaf constituents
Changes in total C content during leaf ontogeny are shown in Fig. 5 . In Q. glauca, total C content on a dry mass basis remained constant around 480 mg g -1 dry weight (DW) during leaf development, whereas in P. vulgaris, it decreased with leaf age.
In Q. glauca, leaf mineral content on a dry mass basis was highest at the early phase of leaf area expansion, and stayed at a constant level after FLE. On the other hand, in P. vulgaris, it increased markedly with leaf age especially after FLE. The maximum total C content on an area basis of Q. glauca was about five times higher than that of P. vulgaris during the life span of the leaf. Figure 6 shows ontogenetic changes in C contents in the leaf constituents. The C content in the nitrogenous compounds on a dry mass basis decreased with age in both species (Fig. 6a) . On the other hand, C content in cellulose + hemicellulose and that in lignin, expressed on a dry mass basis, increased with leaf age in both species (Fig. 6b & c) . The amount of C in the nitrogenous compounds on a dry mass basis of the photosynthetically mature leaves in P. vulgaris was 2.5 times higher than that in Q. glauca. However, C in the nitrogenous compounds at the early phase of area expansion did not differ significantly between these species (Fig. 6a) . In Q. glauca, the changes in C in the nitrogenous compounds on a whole leaf basis after FLE were more moderate than those in the cell wall constituents (Fig. 6d-f) . 
Sink-source transition
We estimated the ontogenetic changes in daily C exchange rate and daily increase in total C content. The sink-source transition is defined to be the time when the increase in the daily C exchange rate exceeds the daily increase in total C content ( Fig. 7a & b) . In P. vulgaris, the daily C exchange rate increased with area expansion and peaked at around FLE. The sink-source transition occurred during leaf area expansion in P. vulgaris. These trends were the same as those reported for many dicot herbs (Turgeon 1989) . On the other hand, in Q. glauca, the daily C exchange rates were negative until FLE and further increased thereafter for about 10 d. The sink-source transition occurred 7 d after FLE.
The changes in daily increases in C contents in the respective leaf constituents on a whole leaf basis are shown in Fig. 7c and d . The maximum daily increase in C content in cellulose + hemicellulose and that in lignin in Q. glauca were 10-20 times higher than those in P. vulgaris. On the other hand, the maximum daily increase in C content in nitrogenous compounds was similar between both species.
Proportions of C derived from imported substances in the photosynthetically mature leaves are shown in Fig. 8 . Photosynthetically mature leaves denote the leaves at FLE for P. vulgaris and those at the 30th day after FLE for Q. glauca (see, Fig. 7a & b) . The fraction of total C that came from imported substances was 42% for P. vulgaris and 61% for Q. glauca. When expressed on an area basis, it is obvious that Q. glauca utilized a much larger amount of imported substances for the leaf construction (Fig. 8b) . The fraction of C in the nitrogenous compounds that came from imported substances was 76% for Q. glauca and 50% for P. vulgaris. and mineral content (triangles) in P. vulgaris (᭺, ᭝) and Q. glauca (᭹, ▲). Total carbon contents are expressed on (a) a leaf dry mass basis and (b) a whole leaf basis. When expressing as a whole leaf basis we assumed that the maximum leaf area was 1 m 2 . The actual maximum leaf area (mean ± 1 SD) was 27 ± 7.8 cm 2 in P. vulgaris (n = 47) or 13 ± 2.6 cm 2 in Q. glauca (n = 35). The curves in panel (b) are applied logistic curves. The logistic curves are: y = 9.6/ (1 + 0.18e -0.25x ), r 2 = 0.96 for P. vulgaris and y = 46/(1 + 1.4e -0.17x ), r 2 = 0.99 for Q. glauca. Bars indicate ±1 SD (n = 2-14). . Carbon content in the leaf constituents during leaf ontogeny in P. vulgaris (᭺) and Q. glauca (᭹). The leaf constituents are nitrogenous compounds, cellulose + hemicellulose and lignin. Carbon contents in these leaf constituents are expressed on (a-c) a leaf dry mass basis and (d-f) a whole leaf basis. When expressing as a whole leaf basis we assumed that the maximum leaf area was 1 m 2 . The actual maximum leaf area (mean ± 1 SD) was 27 ± 7.8 cm 2 in P. vulgaris (n = 47) or 13 ± 2.6 cm 2 in Q. glauca (n = 35). Second-order polynomial functions were fitted to the data in panels (b) and (c). The curves in bottom three panels are applied logistic curves. The logistic curves for P. vulgaris are: y = 3.0/(1 + 0.05e -0.29x ), r 2 = 0.90 for nitrogenous compounds, 0.68/(1 + 0.41e -0.32x ), r 2 = 0.90 for cellulose + hemicellulose, and 0.11/ (1 + 0.79e -0.36x ), r 2 = 0.82 for lignin. The logistic curves for Q. glauca are: y = 5.9/ (1 + 0.40e -0.11x ), r 2 = 0.89 for nitrogenous compounds, 15/(1 + 2.5e -0.20x ), r 2 = 0.92 for cellulose + hemicellulose, and 4.2/ (1 + 2.7e -0.19x ), r 2 = 0.85 for lignin. Bars indicate ±1 SD (n = 2-12).
Figure 7.
The daily increase in carbon content (᭹), daily carbon exchange rate (᭺), and daily increase in the carbon content in the leaf constituents. The leaf constituents are nitrogenous compounds (▲), cellulose + hemicellulose (ᮀ) and lignin (᭝) during leaf ontogeny in (a, c) P. vulgaris and (b, d) Q. glauca. The daily carbon exchange rate was calculated from both light response curves of photosynthesis and daily PFD. The increases in daily carbon exchange rate from -11 d to -5 d in P. vulgaris and those from -1 d to +12 d in Q. glauca were almost linear. We fitted straight lines (solid lines) by the least squares-method using the data within these ranges. The solid lines are: y = 0.51x + 5.7, r 2 = 0.81, n = 25 for P. vulgaris and y = 0.29x -0.39, r 2 = 0.90, n = 14 for Q. glauca. We assumed that the maximum leaf area was 1 m 2 . The actual maximum leaf area (mean ± 1 SD) was 27 ± 7.8 cm 2 in P. vulgaris (n = 47) or 13 ± 2.6 cm 2 in Q. glauca (n = 35). The arrow indicates the leaf age when sinksource transition occurs. Shaded regions indicate part of carbon derived from local photosynthates.
DISCUSSION
Correlations between sink-source transition and leaf anatomical properties during leaf development in Q. glauca
In Q. glauca, the mesophyll cell division and cell enlargement mostly occurred before FLE (during sink phase; see, Fig. 7b ). Thus, imported substances supported both cell division and cell enlargement. On the other hand, the thickness of mesophyll cell wall increased after FLE in Q. glauca (Fig. 3c) . The materials for cell wall thickening would be mainly derived from local photosynthates (Figs 3c & 7d) . More than 60% of nitrogenous compounds in the mature leaf were invested before FLE although chloroplast development continued after FLE (Figs 1, 2 & 7) .
Are energy contents of the young leaves low in delayed greening species? Kursar & Coley (1992b) measured heat of combustion (energy content) on a dry mass basis of the leaves of normal greening and delayed greening species. According to them, in the delayed greening species, energy contents on a dry mass basis of the young leaves tended to be lower than those of mature leaves by 5-10%. Such low energy contents were claimed to contribute to minimizing the loss of resources by herbivory against young leaves in delayed greening species. They also argued that low energy contents would be due to low concentrations of lipids and photosynthetic enzymes.
On the other hand, high mineral content of organic dry mass decreases energy content on a dry mass basis (Williams et al. 1987) . The present study clearly indicated that the mineral content on a dry mass basis markedly increased in P. vulgaris but decreased in Q. glauca with leaf age (Fig. 5a ). The higher mineral contents in the young leaves of Q. glauca would indicate that the energy content was lower in young leaves than in mature leaves. Such differences in the change in leaf mineral content might produce different patterns of energy content as found between the normal greening and the delayed greening species in the tropical rainforest by Kursar & Coley (1992b) . Further studies will be needed to clarify which constituent mainly causes the low energy content of the expanding leaves in delayed greening species.
What does determine the rate of leaf photosynthetic maturation?
Leaf nitrogen content on a dry mass basis decreased with leaf age in both P. vulgaris and Q. glauca (see Fig. 6a ). These results are consistent with those reported for various species (Alnus crispa, Betula papyrifera, Larix laricina and Picea mariana, Chapin & Kedrowski 1983; Cucumis sativus, Ho et al. 1984 ; some chaparral deciduous and evergreen shrubs, Merino, Field & Mooney 1984; Betula pendula, Oleksyn et al. 2000) . In the delayed greening species studied by Kursar & Coley (1992b) , the nitrogen content also decreased with leaf age except for Xylopia micrantha. In X. micrantha, nitrogen content on a dry mass basis was almost constant during the leaf development.
In the species that were studied by Kursar & Coley (1991) , nitrogen contents on a dry mass basis of the young leaves were slightly lower in the delayed greening species than in the normal greening species. However, compared with the difference in the net photosynthetic rate on a leaf area basis between them, the difference in nitrogen content on a dry mass basis was small.
Using the data in the literature, we compared nitrogen contents of the young leaves between normal and delayed greening species. When leaf area reached 20-50% of the final area, nitrogen content on a dry mass basis ranged from 21 to 41 mg g -1 DW in the delayed greening species (21-30 mg g -1 DW for three tree species in tropical rainforests, Figure 8 . Proportion of carbon derived from imported substances in the mature leaves of P. vulgaris and those of Q. glauca, which are expressed on (a) a leaf dry mass basis and (b) a leaf area basis. 'Total' means total carbon content. N, CH, and L are the carbon contents in nitrogenous compounds, cellulose + hemicellulose and lignin, respectively. Open and shaded parts of each bar indicate carbon derived from imported substances and that from local photosynthates, respectively. Mature leaves denote the leaves at full leaf area expansion in P. vulgaris and those at the 30th day after full leaf area expansion in Q. glauca (see, Fig. 7a & b) . Kursar & Coley 1992b ; 25-41 mg g -1 DW for six evergreen broad-leaved tree species in warm temperate forests, Miyazawa et al. 1998) . In the normal greening species, the nitrogen content (at 20-50% of the final leaf area) ranged from 32 to 70 mg g -1 DW (50-70 mg g -1 DW for Cucumis sativus, Ho et al. 1984 ; 32-45 mg g -1 DW for two tree species in tropical rainforests, Kursar & Coley 1992b ; 39 mg g -1 DW for Betula pendula, Oleksyn et al. 2000) . With the exception of the annual herb, C. sativus, the nitrogen contents were not markedly different between these two groups and so we concluded that low nitrogen concentration is not directly related to delayed greening.
What does determine the rate of leaf photosynthetic maturation? The maximum daily increase in nitrogen content on a whole leaf basis (the maximum leaf area, 1 m 2 ) in Q. glauca was slightly lower than that in P. vulgaris (see Fig. 7c  & d) . Kursar & Coley (1991) did not find marked differences in the maximum daily increase in nitrogen content ('nitrogen import rate' in their paper) between normal and delayed greening species, either. Moreover, the maximum daily increase in nitrogen content was observed before FLE in the present study as well as in the study by Kursar & Coley (1991) . Thus, neither the magnitude of the daily increase in nitrogen content nor the time when its maximum occurs would be responsible for the difference in the rate of leaf photosynthetic maturation. Judging from our results and the studies by Kursar & Coley (1991) , the construction processes of photosynthetic apparatuses rather than the availability of nitrogen in the developing leaves would determine the rate of leaf photosynthetic maturation.
Nitrogen deprivation greatly reduces frequency of cell division in the young leaves of Ricinus communis (Roggatz et al. 1999) . The studies with microalgae suggest that high cellular N/C-ratio is a good indicator of cell division or the exponential growth phase of the cell culture (Flynn, Davidson & Leftley 1993 , 1994 . These observations suggest that the cell division process requires much nitrogen. In the course of leaf development in an annual herb, Xanthium pennsylvanicum, significant increases in chloroplast diameter and chlorophyll content on a fresh mass basis are observed after the cell division ceases (Maksymowych 1973) . This result implies that nitrogen appears to be preferentially used for cell division at first, then for chloroplast development.
Mature leaves with large LMA such as evergreen broadleaved tree leaves generally have higher cell densities of palisade mesophyll tissues than those of dicot herbs (Pyankov, Kondratchuk & Shipley 1999; Terashima, Miyazawa & Hanba 2001) . Evergreen tree leaves would thus have larger nitrogen requirement for the completion of mesophyll cell division, which could be related to the fact that, in Q. glauca, the division of mesophyll cells continued until the later stage of leaf area expansion than those in P. vulgaris (Fig. 3a) . In Q. glauca, delayed chloroplast development may be related to the delayed completion of mesophyll cell division. High nitrogen demand for leaf cell division might explain the fact that delayed greening is often found in the leaves with large LMA (Miyazawa et al. 1998) .
During leaf area expansion in plant species, there could be competition for nitrogen between cell division and chloroplast development because both processes would be large nitrogen-requiring processes. Both processes would not proceed synchronously due to the limited amount of available nitrogen in the expanding leaves. In Q. glauca, most nitrogen would be first used in the components needed for cell division in the course of leaf area expansion, and thereafter gradually invested for photosynthetic apparatuses. These processes would be responsible for delayed greening. With regard to the herbivore avoidance theory (Kursar & Coley 1992b) , further studies will be needed to clarify whether delayed greening species have many nitrogen-based antiherbivore substances in their young leaves (e.g. cyanogenic glucosides and alkaloids; Gulmon & Mooney 1986 ).
CONCLUSIONS
The sink-source transition occurred after FLE in the delayed greening species, Q. glauca. This was different from the general trend that the transition occurs during area expansion in annual dicot herbs, or normal-greening species, including P. vulgaris (Turgeon 1989) . The cell division and cell enlargement occurred mainly during sink phase, and significant cell wall thickening and chloroplast development occurred during source phase in Q. glauca.
The present study suggests that low energy content of the young leaves of delayed greening species might be related to the high mineral content of those leaves. The hypothesis that delayed greening had evolved for anti-herbivore defence would need to be re-examined.
Delayed greening is often found in the leaves with large LMA (Miyazawa et al. 1998) . In the present study, we suggest that delayed greening might be related to competition for nitrogen between cell division and chloroplast development in the area expanding leaves. This hypothesis is suggested by the following three facts: (1) nitrogen content on a leaf dry mass basis of the expanding leaves is not different between normal greening and delayed greening species; (2) leaf cell division probably requires much nitrogen (Flynn et al. 1993 (Flynn et al. , 1994 Roggatz et al. 1999) ; and (3) the leaves with high LMA tend to have high mesophyll cell density (Pyankov et al. 1999; Terashima et al. 2001) . The competition for nitrogen between cell division and chloroplast development and relative nitrogen requirements of both processes might explain the different greening patterns among plant species.
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